OBJECTIVES: Infrared thoracoscopy is a new method of identifying lung intersegmental borders. This study compared the efficacy of 2-and 1-wavelength infrared thoracoscopy.
INTRODUCTION
The growing use of surgery for elderly patients and the early detection of lung cancer via helical computed tomography (CT) and high resolution CT have resulted in an increasing need for lung segmentectomy, which requires identification of the intersegmental borders. Commonly, the inflation and deflation line has been used to identify the intersegmental border [1] , but lung reinflation narrows the surgical view and can lead to prolongation of operation time, particularly in the context of video-assisted thoracic surgery (VATS). Therefore, a better method to identify the intersegmental borders without lung reinflation is needed.
In previous studies, we succeeded in visualizing the intersegmental border using an infrared thoracoscope with indocyanine green (ICG) intravenous injection (2-wavelength method) in animals [2] and within a clinical investigation [3] . Infrared thoracoscopy is based on blood flow rather than on ventilation and can thus achieve anatomical segmentectomy without lung reinflation. However, the 2-wavelength method is limited by the short duration of ICG staining and the need for high-dose ICG. Thus, the goal of this study was to compare the efficacy of 2-wavelength vs 1-wavelength infrared thoracoscopy.
MATERIALS AND METHODS

Principle of infrared thoracoscopy
The principle of 2-wavelength infrared thoracoscopy has been described previously [4] . In short, the 2-wavelength infrared thoracoscope irradiates and detects 940 and 805 nm infrared light and produces an image using the difference between the two wavelengths of light. ICG absorbs 805 nm infrared light; thus, the ICG distributed area is displayed in blue, and the ICG defect area is displayed in white on the monitor. In contrast, 1-wavelength infrared thoracoscope irradiates 780 nm infrared light and detects fluorescent 830 nm light. ICG is excited by 780 nm and emits 830 nm fluorescence; thus, the ICG distributed area is displayed as a fluorescent area. The 2-and the 1-wavelength methods require different apparatuses, respectively. Both the 2-and the 1-wavelength infrared thoracoscope can switch to normal white light simply by changing the filter.
Patients
A total of 30 consecutive patients who underwent segmentectomy between October 2008 and August 2011 were investigated (2-wavelength method, 10 patients; 1-wavelength method, 20 patients). This study was a prospective non-randomized study, and was approved by the institutional review board of Kagawa University. Written informed consent was obtained from all patients.
Surgical procedure
First, the dominant pulmonary artery and bronchus of the resecting segment were ligated and cut with the help of preoperative three-dimensional CT images. The dominant pulmonary vein was ligated and cut as needed. We injected ICG (2-wavelength method, 3.0 mg/kg; 1-wavelength method, 0.5 mg/kg) rapidly into a peripheral vein and observed the lung using an infrared thoracoscope. In the 2-wavelength method, the ICG distributed area was displayed in blue, and the ICG defect area was displayed in white on the monitor. Thus, the resecting segment was displayed in white, and the remaining lung was displayed in blue. The intersegmental border was visualized by the difference in colour. In the 1-wavelength method, the area stained with ICG was displayed as a fluorescent area. Thus, the resecting segment was displayed as a fluorescent area against a dark background. The intersegmental border was visualized with or without fluorescence. Then, we marked the transitional zone on the visceral pleura using electrocautery and divided the lung parenchyma by staplers on the basis of this marking.
Statistical analysis was performed using Stat View Ver. 5 (SAS Institute, Inc., Cary, NC, USA). Comparison of group differences in the duration of ICG staining was performed by the MannWhitney U-test. A P-value of <0.05 was considered to represent a statistically significant difference.
RESULTS
There were no perioperative or postoperative complications caused by infrared thoracoscopy with ICG when using either the 2-wavelength method or the 1-wavelength method.
2-Wavelength method
Five men and 5 women were studied; the median age was 74 (interquartile range [IQR], 68-78) years. Postoperative diagnoses were primary lung cancers (n = 7), metastatic lung tumours (n = 2) and atypical adenomatous hyperplasia (n = 1). The operative approaches were open thoracotomies (n = 9) and VATS (n = 1). The patient characteristics and the durations of ICG staining are summarized in Table 1 .
A well-defined white-to-blue border was observed in 9 of 10 patients. The median duration of ICG staining was 220 (IQR, 187-251) s. The median operative time was 157 (IQR, 113-193) min, and the median bleeding volume was 48 (IQR, 35-90) ml.
Case 8 was a 68-year old man with pulmonary metastasis from renal pelvic cancer, and right superior segmentectomy was performed. After ligation and cutting of the pulmonary artery, vein and bronchus of the right superior segment, we injected ICG under infrared thoracoscopy. The right superior segment without blood flow remained white, but the other segment with blood flow showed a change to blue on the monitor. We were able to observe a well-defined white-to-blue border (Fig. 1 ).
1-Wavelength method
Twelve men and 8 women were studied; the median age was 74 (IQR, 65-78) years. Postoperative diagnoses were primary lung cancers (n = 17), metastatic lung tumour (n = 1), typical carcinoid (n = 1) and non-tuberculous mycobacterium infection (n = 1). The operative approaches were open thoracotomies (n = 8) and VATS (n = 12). The patient characteristics and the durations of ICG staining are summarized in Table 2 .
A well-defined border between areas with or without fluorescence was observed in 19 of 20 patients. The median duration of ICG staining was 370 (IQR, 296-440) s, which was significantly longer than that for the 2-wavelength method (P = 0.0001). The median operative time was 187 (IQR, 159-215) min, and the median bleeding volume was 42 (IQR, 10-109) ml. After intravenous injection of ICG, fluorescence was immediately visualized.
Case 3 was an 81-year old woman with pulmonary metastasis from sigmoid colon cancer; right superior segmentectomy was performed. After ligation and cutting of the pulmonary artery, vein and bronchus of the upper division segment, we injected ICG under infrared thoracoscopy. The superior segment interrupted blood flow did not yield fluorescence, but another segment with blood flow yielded fluorescence. We were able to observe a well-defined border with or without fluorescence (Fig. 2) .
Comparison of the 2-and 1-wavelength methods is given in Table 3 .
DISCUSSION
Widespread use of new diagnostic tools, such as helical CT and high resolution CT, has resulted in earlier detection of nonsmall-cell lung cancers, and radical segmentectomy can be employed for small-sized (≤2 cm) non-small-cell lung cancers [5] [6] [7] [8] . Thus, the need for radical segmentectomy has been steadily increasing. Phase 3 randomized trials of lobectomy vs segmentectomy for small-sized non-small-cell lung cancer are currently being conducted by the Cancer and Leukaemia Group B (CALGB 140503) and the Japan Clinical Oncology Group/West Japan Oncology Group ( JCOG/WJOG4607L) [9] . The outcomes of these trials will assess the adequacy of segmentectomy for patients with small-sized non-small-cell lung cancer. Additionally, as the world's population ages, the need for conservative segmentectomy has also been increasing [10] . These indications suggest that all thoracic surgeons must master the lung segmentectomy technique. For lung segmentectomy, it is necessary to identify the intersegmental border. There are various methods that can be used to identify the lung intersegmental border [1, [11] [12] [13] . While the inflation and deflation line has been commonly used, this method has some drawbacks. VATS is an increasingly common approach, but lung reinflation in the context of VATS narrows the surgical view and makes the operative procedure more difficult. Further, in patients with emphysema, the lung intersegmental border can be undefined, and it takes a long time to deflate the lung.
We previously used infrared thoracoscopy (2-wavelength method) for the detection of bullous lesions of the lung [4, 14, 15] . Infrared thoracoscopy could detect emphysematous lesions of the lung, depending on the presence or absence of blood flow. We demonstrated that the transitional zone visualized by infrared thoracoscopy identified the anatomical intersegmental border in an animal study [2] and within a clinical investigation [3] . Infrared thoracoscopy is based on blood flow and does not require lung reinflation. However, the 2-wavelength method is limited by the short duration of ICG staining and by the need for high-dose ICG. The short duration of ICG staining can be difficult for surgeons, and the high dose of ICG can increase the risk of toxicity. Thus, the goal of this study was to compare the efficacy of 2-wavelength vs 1-wavelength infrared thoracoscopy.
Infrared thoracoscopy requires a relatively long duration of ICG staining in order to be effective. The present study showed that the median duration of ICG staining in the 1-wavelength method was significantly extended. In fact, the median duration of ICG staining was 370 s in the 1-wavelength method, which was sufficiently long to enable marking of the transitional zone on the visceral pleura through electrocautery. When marking the transitional zone, extension of ICG staining duration reduces the stress for surgeons. Thus, anatomical segmentectomy could be performed safely and accurately.
ICG is frequently used to assess liver function. According to toxicity studies, 5.0 mg/kg ICG intravenous injection is safe and permissible [16] . However, the dose of ICG in the 2-wavelength method (3.0 mg/kg) is relatively high when compared with the recommended dose for liver function measurement (0.5 mg/kg). We have not experienced any acute or chronic toxicity related to ICG in our previous studies, but the risk of ICG-related side effects remains a concern. In fact, one report described 3 cases of anaphylactoid reactions to ICG that may have been mediated by a dosedependent pseudoallergic mechanism [17] , which suggests that minimization of the ICG may enhance the safety of the procedure. The dose of ICG in the 1-wavelength method (0.5 mg/kg) was less than that for the 2-wavelength method in all cases, and was approximately equivalent to the dose for liver function measurement.
However, the clarity of images was worse for the 1-wavelength method when compared with the 2-wavelength method. The 1-wavelength infrared thoracoscope detects fluorescent 830 nm light in the dark and identifies the intersegmental border. Therefore, the background on the monitor is relatively dark. It is necessary to observe the lung under normal light except when we identify the resection line. However, the background structures (e.g. intercostal artery, vein and chest wall) yielded fluorescence that was sufficiently bright to mark the transitional zone through electrocautery in the 1-wavelength method without risk.
There were more thoracotomies in the 2-wavelength method group than in the 1-wavelength method group. This is because the 2-wavelength infrared thoracoscope was used during the introduction period for VATS segmentectomy in our institution. However, since the main purpose in this study was the characterization of the intersegmental border, the specific proportions of the different operative approaches in the two study groups likely did not influence the results.
In this study, the intersegmental border could not be identified in 2 patients (2-wavelength method, 1 patient; 1-wavelength method, 1 patient), and both of these patients had severe lung emphysematous changes. Blood flow of the emphysematous and bullous lung tissue is lower than that of the normal lung [15] ; thus, the extreme reduction of blood flow in the remaining lung could make the intersegmental borderline indistinct. However, well-defined borders were observed in other patients with lung emphysema, so further study is needed to explore this issue.
In conclusion, infrared thoracoscopy with ICG is useful for detecting the intersegmental border and can facilitate anatomical segmentectomy using an infrared thoracoscope. The dose of ICG was lower and the duration of ICG staining was longer for the 1-wavelength method than for the 2-wavelength method. However, the clarity of images was worse with the 1-wavelength method when compared with the 2-wavelength method. The development of a new device combining the advantages of both the 2-wavelength and 1-wavelength methods would be of benefit. Further, this was a non-randomized study, and there was no comparative analysis with conventional methods. Thus, future studies should analyse the clinical benefit using a randomized study design.
